Chemical Pressure and Physical Pressure in BaFe2(Asi_a;Pa;)2 
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Measurements of the superconducting transition temperature, Tc, under hydrostatic pressure via 
bulk AC susceptibihty were carried out on several concentrations of phosphorous substitution in 
BaFe2(Asi_^P2,)2. The pressure dependence of unsubstituted BaFe2As2, phosphorous concentra- 
tion dependence of BaFe2(Asi_a;Pi,)2, as well as the pressure dependence of BaFe2(Asi_i:Pi)2 all 
point towards an identical maximum Tc of 31 K. This demonstrates that phosphorous substitu- 
tion and physical pressure result in similar superconducting phase diagrams, and that phosphorous 
substitution does not induce substantial impurity scattering. 

PACS numbers: 74.70.Xa, 62.50.-p 



The discovery of pnictide superconductors [T] provoked 
a comprehensive overhaul of the understanding of the 
structural and magnetic environments in which uncon- 
ventional superconductivity may arise. In BaFe2As2, 
superconductivity can be induced not only by charge 
doping [H [3] as with cuprates, but by isoelectronic 
substitution and pressure [5H3 as well. In the case 
of BaFe2(Asi_j;Pa;)2, introducing smaller phosphorous 
atoms in the place of the arsenic atoms results in a reduc- 
tion in the unit cell volume without the introduction of 
additional carriers into the FeAs layer, yet still enhances 
the superconducting transition temperature, Tc [Ij. 

At 140 K BaFe2As2 concurrently undergoes an anti- 
ferromagnetic (AFM) spin density wave (SDW) transi- 
tion and a structural transition '5'. This SDW state is 
observed for phosphorous content x < 0.27 whereas su- 
perconductivity can be seen for 0.14 < x < 0.71 with 
a maximum Tc of 31 K at x ~ 0.3 4J. The sup- 
pression of the SDW state is essential for the emer- 
gence of superconductivity, and this suppression is in- 
timately linked with the iron-pnictogen distance, not the 
total cell volume [5] . This is why chemical pressure in 
Bai_a;Sr3;Fe2As2 does not result in superconductivity in 
spite of similarities - in both unit cell volume and cell 
volume reduction rate as a function of isovalent substitu- 
tion - with BaFe2(Asi_a;P2;)2. This strong dependence 
on the Fe-Pn distance is presumably why uniaxial stress 
strongly suppresses the structural as well as the AFM 
ordering, and stabilises superconductivity in BaFe2As2 
[B]. Recently, AC susceptibility measurements were con- 
ducted on optimally substituted BaFe2(Aso.65Po.35)2 to 
study the evolution of Tc both as a function of pressure 
and applied magnetic field. Interestingly, although the 
electronic structure is thought to become more isotropic 
under pressure, the superconducting properties become 
more anisotropic I10|. Another interesting feature of 



BaFe2(Asi_xPa;)2 is that there is evidence for line nodes 
in the energy gap [HI [12] as has also been seen in 
KFeaAsa [HIH]. 

Comparisons of chemical and physical pressure on the 
sister pnictide EuFe2As2 show that similar characteristics 
to BaFe2As2 are seen at low pressures [T^ [TB]. Emer- 
gence of superconductivity is seen with the suppression 
of a SDW state, and it is found to superconduct with 
the application of both physical and chemical pressure, 
[T7H^ so it is natural to draw parallels to these sister 
pnictide compounds. 

High quality BaFe2(Asi_3;Pa;)2 crystals enable reliable 
Tc measurements to be tracked as a function of pressure 
without significant broadening. Consequently, this letter 
aims to study the relationship between phosphorous con- 
tent, X, and pressure, p, by applying pressure to several 
phosphorous contents of BaFe2(Asi_j;Pa;)2, and tracking 
Tc as a function of both p and x in different parts of the 
phase diagram. 

The single crystals used for this study were prepared 
from mixtures of FeAs, Fe, P (powders) and Ba (flakes) 
placed in an alumina crucible, sealed in an evacuated 
quartz tube and kept at 1150 — 1200 °C for 12 hours, fol- 
lowed by a slow cooling to 900 °C at the rate of 1.5 °C/hr. 
The crystals were characterised using X-ray diffraction 
(XRD) using a Mo Kq source as well as with resistiv- 
ity measurements [U [31]. All the peaks evaluated by 
4-circular XRD are very sharp and for instance the phos- 
phorous content x = 0.48 samples have a typical FWHM 
of 0.25-0.29° even though it is an alloy system, demon- 
strating the high quality of the crystal. The As:P ra- 
tio was determined from the z coordinate of pnictogen 
atoms in the unit cell and energy-dispersive X-ray spec- 
troscopy. The superconducting transition at high pres- 
sure was detected using a two-coil mutual inductance 
technique, where a 10-turn pickup coil was placed inside 
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the gasket hole of an anvil cell and a 140-turn modula- 
tion coil was placed around the Moissanite anvil outside 
the pre-indented region [23l El] • The crystals used were 
typically around (^150 x 150 x 80) fiui^, giving a vol- 
ume filling factor of about 0.3. The modulation frequency 
was of the order of 15 kHz, ensuring that the skin depth 
(based on an average metal) is around twice the size of 
the relevant dimensions of the sample. Therefore, the 
sample is well penetrated and these are bulk AC suscep- 
tibility measurements. Glycerin was used as the pressure 
transmitting fluid owing to its hydrostatic nature |25j . 
and the pressure achieved was determined by Ruby fluo- 
rescence spectroscopy. 

Figure 1 shows the normalised superconducting transi- 
tions of over-substituted BaFe2(Aso.52Po.48)2 at various 
pressures, and Fig. 2 shows the under-substituted side at 
X = 0.20 and 0.23; these samples have structural/SDW 
transitions at ~87/72 K and ^70/58 K respectively, as 
measured by resistivity [1] . Both figures clearly show the 
transition sharpness, which is indicative of both good hy- 
drostaticity and high sample quality. None of the curves 
have been normalised by more than 1.06, as the size of 
the jump remains roughly constant for all measurements, 
arguing against large scale substitution inhomogeneities 
as well as phase separated antiferromagnetic islands amid 
superconductivity as was seen in the underdoped region 
of hole doped Bai_a:K2;Fe2As2 '26;. Interestingly, the 
sharpest transitions all occur at maximum Tc for each 
respective phosphorous content which is rather striking. 
Although a transition broadening is usually ascribed to 
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FIG. 1: (Colour online) Pressure dependence of the super- 
conducting transition for over-substituted BaFe2(Asi_a;Pi:)2 
at phosphorous content x = 0.48. The small kink that can be 
seen at about 7 K is the superconducting transition of solder 
outside of the high pressure region. 
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FIG. 2: (Colour online) Pressure dependence of supercon- 
ducting transition for under-substituted BaFe2(Asi_iPa;)2 at 
phosphorous content x = 0.20. Inset: showing only a close 
up of the superconducting transitions at maximum Tc for 
a; = 0.23 as all the transitions are very similar to x — 0.20. 

pressure inhomogeneities, it cannot be argued that there 
is a significant broadening as a function of pressure. For 
instance, in Fig. 2, the sharpness of the 12 kbar transition 
is comparable to the 57 kbar transition (and similarly for 
the 24 and 48 kbar transitions) even though much greater 
broadening would be expected for the higher pressure 
transition if pressure inhomogeneities were significant. 
Furthermore, there is a clear sharpening of the transi- 
tion near optimal pressures with an almost kink-like su- 
perconducting onset, suggesting that near the peak of 
the domes, where dT^/dp is very small, any slight sam- 
ple purity inhomogeneity is undetectable and the entire 
sample superconducts concurrently. On the edges of the 
(Tc ,p)-dome where dTc/dp is significant, a small distribu- 
tion of phosphorous content would cause the transition to 
broaden as different parts of the sample superconduct at 
different temperatures owing to slight inhomogeneities in 
X. In the samples measured, x = 0.20 did not supercon- 
duct at ambient pressure in spite of contradictory results 
[HET] in the literature; however, dTc/dp is very large at 
the onset of the superconducting dome and hence a very 
small discrepancy in x could push the sample out of the 
superconducting dome completely. 

Owing to the strong evidence of line nodes in the en- 
ergy gap of BaFe2(Asi_a;P2:)2 |I31 E], the aforemen- 
tioned results with a common maximum Tc, indepen- 
dently of doping, indicate that phosphorous substitu- 
tion does not induce substantial impurity scattering since 
Tc should be dramatically depressed with scattering in 
the presence of nodes [55] • This high sample quality is 
corroborated by successful quantum oscillation measure- 



3 




Pressure (kbar) Pressure (kbar) 



FIG. 3: (Colour online) Tc-pressure phase diagram of under- 
substituted BaFe2(Asi_i:Pa;)2 at phosphorous contents of x 
= 0.20, 0.23. Data for pure BaFe2As2, x = 0, taken from 
resistivity measurements [7] done with Fluorinert mixture 1:1 
FC70:FC77 for comparison. Note that the lines are a guide 
to the eye. 

ments [2^ . 

The phase diagram of Tc as a function of pressure can 
be seen in Figs. 3 and 4, for five phosphorous contents: x 
= 0, 0.20, 0.23, 0.35, and 0.48. The inset of Fig. 4 gives 
a schematic representation of the measured choices of x 
in relation to the superconducting dome, Tc{x). Figure 3 
shows the un-substituted {x = 0) and under-substituted 
{x = 0.20 and 0.23) results, whereas Fig. 4 shows the 
optimally substituted {x = 0.35) and over-substituted 
{x = 0.48) results. Although the maximum Tc for the 
various phosphorous contents is a constant, applied pres- 
sure and chemical pressure cannot be considered inter- 
changeable as a universal Tc{p) curvature is not seen. 
It is clear that as x increases, the width of the dome in- 
creases from a full width of ^ 70 and 80 kbar for a; — 0.20 
and 0.23 respectively, to well above 120 kbar for x = 0.35 
and 0.48. Consequently, much higher pressure steps are 
required to suppress Tc at higher x and thus supercon- 
ductivity can be considered more stable in this region. 

As it has been shown that the cell volume de- 
creases monotonically with phosphorous substitution in 
BaFe2As2 [27], a possible explanation for this widening 
of the superconducting dome as a function of x is that a 
smaller cell volume at ambient pressure requires higher 
external pressure to influence the cell volume. It is pos- 
sible that the suppression rate of the Fe-Pn distance as a 
function of pressure decreases with smaller ambient pres- 
sure cell volumes, and is no longer linear at higher levels 
of X. Detailed x-ray studies under pressure would be use- 



FIG. 4: (Colour online) Tc-pressure phase diagram of opti- 
mally and over-substituted BaFe2(Asi_a,Pi,)2 at a; = 0.35L10] 
and 0.48. Inset: Schematic of the four chosen phosphorous 
contents in relation to the superconducting dome, with the 
Tc vs. X data taken from Ref. [30] . 

ful to resolve this issue. 

Highly hydrostatic measurements on BaFe2As2 carried 
out using cubic-anvil cells fB] indicate the appearance 
of superconductivity with much lower maximum Tc of 
^17 K. However, an inspection of the x-dependence of 
lattice constants for BaFe2(Asi_a:P2:)2 shows that the 
c-axis (a-axis) of BaFe2P2 is ~4.3 % (~3.3 %) shorter 
than that of BaFe2As2.|ll [17] Since the suppression of 
c and a with increasing phosphorous content x follows 
Vegard's law, phosphorous substitution intrinsically pro- 
vides a uniaxial component throughout the entire substi- 
tution range. Therefore, while glycerin is able to provide 
a rather hydrostatic pressure environment, the net effect 
of combining chemical and physical pressure has a size- 
able intrinsic uniaxial component. Consequently, it is not 
surprising that our present results agree better with high 
pressure phase diagrams of BaFe2As2 constructed with 
less hydrostatic conditions. 

Similar studies have also been done with chemical 
and physical pressure on EuFe2As2, although the pre- 
cise details of the phase diagram remain controversial 
[20j . In some recent studies, EuFe2As2 is found to su- 
perconduct with Tc as high as 41 K with a pressure of 
about 100 kbar [T7]. Furthermore, optimally substituted 
EuFe2(Aso.7Po.3)2 superconducts at ^26 K [TS], which 
can be enhanced to 48.3 K at a pressure of about 90 kbar 
[21]. These high pressure resistivity measurements need 
to be corroborated by detailed bulk probe measurements. 

Unlike BaFe2As2, EuFe2As2 exhibits strong moments 
of Eu^+ ions with AFM ordering at about 20 K in ad- 
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dition to the AFM Fe moment ordering. Furthermore, a 
valence change to a higher Eu'^+/Eu^+ ratio is seen un- 
der pressure in both EuFe2(Aso.7Po.3)2 and the parent 
compound [W. This ratio saturates at pressures around 
90 kbar: the point at which Tc is found to be the largest. 
The divalent Eu atom is larger than the trivalent one, and 
therefore, not only does this valence transition transfer 
charge from the Eu atom to the FeAs layer, but the Eu 
volume change acts as additional chemical pressure. This 
behaviour is completely different from BaFe2As2. Conse- 
quently, although the low pressure region is quite similar 
for BaFe2As2 and EuFe2As2, with a SDW suppression 
culminating in superconductivity |151 116j the behaviour 
is starkly different at higher pressures. 

It is striking that should increase as a function of 
pressure in EuFe2As2 if the optimal phosphorous con- 
tent really has been found. One possibility is that the Tc 
enhancement is caused by non-hydrostaticity in the pres- 
sure since BaFe2As2 has been shown to be very sensitive 
to uniaxial components [SI 131) . According to theory on 
anvil cells using a gasket hole as the sample chamber [35] , 
hydrostatic pressure is realised if the pressure transmit- 
ting medium has zero shear strength. Therefore, if a solid 
medium is used (or none at all), a distribution of pres- 
sure build up in the sample chamber, giving rise to non- 
hydrostaticity. Thermal expansion on optimally doped 
Ba(Feo.92Coo.o8)2As2 shows that dTc/dp is orientation 
dependent, and consequently that superconductivity is 
sensitive to uniaxial components [33l[34]. {dTd dp)tot is 
given by the sum of [dTd dp)i, where i = a,b and c, and 
the sum of these three terms is negative near optimal 
doping. Therefore hydrostatic conditions give an over- 
all depression of Tc. Using solid pressure media (or no 
medium) uniaxial pressure components are likely to build 
up, and dominant contributions arise from dTc/dp along 
one particular direction. Since {dTc/dp)a and {dTc/dp)i, 
are both positive, in this scenario Tc goes up. It would 
therefore be interesting to perform measurements on op- 
timally substituted BaFe2(Asi_a;Pa;)2 with solid pres- 
sure media in an attempt to reproduce this Tc enhance- 
ment - as well as bulk thermodynamic measurements on 
EuFe2(Aso.7Po.3)2 with hydrostatic pressure media - in 
order to establish whether or not uniaxial components are 
the cause of the Tc enhancement in EuFe2(Aso.7Po.3)2- 

In summary, the pressure dependence of un- 
substituted BaFe2As2, phosphorous concentration de- 
pendence of BaFe2(Asi_2.P3,)2, as well as their pressure 
dependence all point towards an identical maximum Tc 
of 31 K. This universal maximum Tc demonstrates that 
phosphorous substitution and physical pressure result 
in similar superconducting phase diagrams in this com- 
pound as well as that impurity scattering does not limit 
Tc- In spite of low pressure similarities with phospho- 
rous substituted EuFe2(Asi_a;Pa;)2, the high pressure be- 
haviour appears to be completely different. 
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